The oxidation of glucose, fructose and mannose The amount of oxygen taken up by the bacteria in the presence of the sugars is dependent on the amount of sugar present and independent, within limits, of the number of bacteria. The end points of the oxidation are not sharply defined because each of the sugars produces a strong acid which lowers the pH and inhibits further oxygen uptake. This is consistent with the fact that the initial rate of oxidation is slower at pH 6.7 than at pH 7.8. Figure 1 shows, however, that fructose takes up about twice as much oxygen per mole as glucose or man- nose. In confirmation of Sevag it was found that the addition of pyruvic acid to the bacteria oxidizing the sugars increases the oxygen uptake to a greater extent than can be accounted for by the oxidation of the pyruvic acid alone. The hydrogen peroxide formed when the sugars are oxidized is stable for some length of time because it is possible to add the pyruvic acid after the oxidation of the sugars is practically complete and still get an increased uptake. This is also shown in figure 1.
Since neither the amino acids nor the fatty acids are oxidized by this organism it was of interest to see whether the presence of these acids would affect the glucose oxidation, or whether they would be oxidized by the hydrogen peroxide. The addition of amino acids is without effect, but the higher fatty acids markedly inhibit the oxidation of glucose. In a concentration of 1 X 10' M oleic acid which, because of its unsaturated bonds, might be expected to be oxidized by hydrogen peroxide actually inhibits the oxidation of glucose 58 per cent at pH 7.8 and 80 per cent at pH 6.7. This action of the fatty acids is similar to their action on Blastomyces dermatiditis (Bernheim, 1942) figure 2 . The methylene blue was added in a concentration of 1.3 X 10-M and its action is specific because dyes of the indophenol and indigo sulfonate series are without effect. This fact indicates that fructose may be oxidized by an enzyme which is distinct from that which oxidizes glucose and mannose. On the other hand monoiodoacetic acid in a concentration of 1.3 X 10-1 M inhibits the oxidation of all three sugars equally. The addition of lactic acid, peptone, ethyl alcohol or the complete medium has no effect on the oxidation of any of the sugars. The oxidation of pyrvic acid At pH 7.8 the oxidation of pyruvic acid proceeds very slowly. As the pH is lowered the rate increases and it is greater at pH 6.0 than at pH 6.7. At all hydrogen ion concentrations the rate is much increased by the presence of amino acids, a tripeptide, peptone, meat extract and at pH 6.7 by certain proteins. For all the compounds except the proteins and certain amino acids the percentage increase is greater at pH 7.8 than in the acid range. This is shown in figure 3 for leucine. Because this effect on the oxidation of pyruvic acid has not been described before, it was studied in detail.
The amino acids are not all equally effective in increasing the rate of oxidation of pyruvic acid. Leucine, isoleucine, phenylalanine and methionine are among the most active and are effective at pH 6.7 but show a larger percentage increase at pH 7.8. On the other hand tyrosine, glutamic acid, cystine and asparagin have more effect at pH 6.7. Glycine and valine have less activity and their action is less dependent on pH. Lysine is completely ineffective at any pH and alanine is almost completely ineffective. The non-natural isomers behave like their corresponding natural isomers. Table 1 shows these facts with certain selected amino acids. This group of compounds exhibits therefore some specificity of action although this cannot be correlated with their structure or isoelectric points. In an attempt to find the explanation for this effect, the oxidation of pyruvic acid was followed by measuring the oxygen uptake and carbon dioxide production, and by estimating the amount of the acid remaining at the end of the experiment, by the method of Clift and Cook (1932) In order to determine whether a free amino group was necessary to obtain the accelerating effect on the pyruvic acid oxidation a number of N-substituted amino acids were tested. In the following experiment at pH 7.8 the pyruvic acid had taken up 60 mm3 of oxygen in five hours in the presence of the bacteria alone. When 4.0 mg. dl-valine were added, 95 mm' were taken up, and when 4.0 mg. dl-N-methylvaline were added only 58 mm' were taken up. The corresponding values for 4.0 mg. each of certain other amino acids are as follows: dl-leucine, 168 mm'; dl-N-methylleucine, 97 mm3; glycine, 103 mms; N-methylglycine, 84 mm3; N-ethylglycine, 82 mm'; dl-phenylalanine, 149 mm'; and dl-N-acetylphenylalanine 55'mm3. It is therefore apparent that substitution on the nitrogen atom lowers or completely prevents the acceleration. A comparison between the action of tyrosine and tyramine showed that the latter was completely inactive which indicates that the carboxyl group ig also necessary for activity.
The effect of the number of bacteria on the amino acid acceleration is shown in the following experiment done at pH 6.7. At the end of five hours in the presence of 0.2 ml. of a suspension of pneumococci the pyruvic acid had taken up 68 mm' of oxygen. The addition of 3.0 mg. I-leucine caused an uptake of 113 mm', an increase of 66 per cent. In the presence of 0.4 ml. of the suspension the corresponding values were 156 mm' and 208 mm', an increase of 33 per cent.
Thus, the greater the number of bacteria the less the percentage increase which might be explained on the assumption that the bacteria contain a substance which may act like the amino acid. The oxidation of ethyl alcohol is not affected by the presence of the amino acids. Since the first step in the oxidation of alcohol is acetaldehyde, which is also probably formed in the decarboxylation of pyruvic acid, this fact indicates that the accelerating effect of the amino acids on pyruvic acid is concerned with the primary decarboxylation and not with the subsequent oxidation of acetaldehyde to acetic acid. Neither thiamine nor a mixture of vitamins containing thiamine, riboflavin, pantothenate, pyridoxine and choline affects the oxidation of pyruvic acid or the amino acid acceleration. Table 2 shows the effect of various proteins on the oxidation of pyruvic acid. Crystalline serum albumin and hemoglobin prepared by laking thoroughly washed human red cells cause a marked acceleration. On the other hand crystalline egg albumin is inactive and casein actually causes an inhibition. This latter protein has no effect on the oxidation of glucose. The serum albumin effect can only be demonstrated at pH 6.7 and the hemoglobin effect is much greater at this pH than at 7.8. On a molar basis the proteins are more effective than the amino acids. Heating the serum albumin at 100°for varying lengths of time causes it to lose its accelerating effect and its presence then may cause some inhibition of the pyruvic acid oxidation. This is also shown in table 2. The proteins therefore show a marked specificity. In all other respects their action is analogous to that of the amino acids. Peptone and a tripeptide, leucylglycylglycine, also accelerate the pyruvic acid oxidation and on a molar (Bernheim, 1942) . Both organisms are unable to oxidize fatty and amino acids. In both cases fatty acids inhibit the oxidation of other substrates. Amino acids increase the control oxygen uptake of Blastomyces, which is relatively large, without being oxidized themselves. They have no effect on the control oxygen uptake of the pneumococci, which is very small, but accelerate the oxidation of pyruvic acid. The demonstration of these facts indicates a means by which substances, not themselves-oxidized, may indirectly affect the oxidative metabolism of the cell. The exact mechanism by which amino acids and certain proteins accelerate the pyruvic acid oxidation in pneumococci has not been determined. It seems possible that they might act
